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doi:10.1Objective: Creation of transmural myocardial lesions with epicardial surgical devices to treat atrial fibrillation is
difficult. A new cooled bipolar radiofrequency ablation probe was used to create transmural myocardial lesions
under controlled conditions.
Methods:The Coolrail (AtriCure, Inc,West Chester, Ohio) is a handheld probe with 2 parallel 30-mm long radio-
frequency conductors. Conductors are cooled by water irrigation. Lesions were delivered to epicardial surface of
isolated bovine myocardium sliced 3- to 8-mm thick, with blood flow beneath tissue at 0 or 0.4 m/s. Contact pres-
sure between probe and tissue was either 450 g or 900 g. Tissue temperatures were measured. Tissue was sec-
tioned every 5 mm along lesion long axis to determine lesion dimensions.
Results: For 80 experiments with 450-g contact pressure, epicardial lesion length was 31.3 mm (interquartile range,
30.1–32.8mm); endocardial lesion lengthwas 14.1mm (interquartile range, 0.0–22.6mm). Average lesion depthwas
4.2  0.74 mm. Temperature at probe interface was 81C  21C; that at blood pool interface was 53C  12C.
Lesions were always transmural when tissue thickness was 4.0 mm or less. Endocardial blood flow did not influence
lesion depth. With 900-g contact pressure, increased depth was always transmural at 4.8-mm tissue thickness or less.
Conclusions: This irrigated bipolar radiofrequency probe consistently produced transmural lesions in tissue 4
mm or thinner under controlled conditions in vitro. Lesion depth was increased by greater pressure on
probe and not affected by blood flow. Endocardial lesions were smaller than epicardial dimensions. (J Thorac
Cardiovasc Surg 2010;139:453-8)E
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SMinimally invasive surgical approaches to the treatment of
atrial fibrillation have been developed as alternatives to the
successful but highly invasive surgical maze procedure.1,2
These minimally invasive procedures have used a variety of
energy sources to produce myocardial lesions, including cry-
oablation, microwave, laser, and radiofrequency current.3 For
all energymodalities, the ability to produce controlled, consis-
tent transmural lesions has been a major challenge. Although
bipolar radiofrequency clamps can effectively isolate the pul-
monary veins through a limited thoracotomy, the treatment of
patients with persistent forms of atrial fibrillation requires
more extensive left atrial ablation.1,4 In the beating heart,
handheld unipolar radiofrequency probes rarely produce
transmural lesions.3,5 Newer bipolar surgical radiofrequency
probes show more promise.4 Active cooling of the radiofre-
quency electrode by fluid irrigation greatly increases the elec-
trical current that can be delivered for endocardial ablation by
percutaneous radiofrequency catheters.6,7 It is hypothesizede Division of Cardiac Electrophysiologya and the Department Cardiothoracic
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The Journal of Thoracic and Cathat active cooling of handheld epicardial radiofrequency ab-
lation electrodes will similarly enhance energy delivery and
thus transmural lesion formation. This study examined the
ability of a new irrigated bipolar radiofrequency surgical
probe to create transmural myocardial lesions under con-
trolled conditions. The influences of electrode contact pres-
sure and simulated endocardial blood flow were also studied.MATERIALS AND METHODS
Radiofrequency Ablation Device
The Coolrail linear ablation pen (AtriCure, Inc, West Chester, Ohio) is
a handheld surgical device for epicardial ablation (Figure 1). The device is in-
tended to create transmural lesions in the body of the atria during surgical pro-
cedures for atrial fibrillation. This device is not intended to isolate the
pulmonary veins. The working end of the device comprises 2 linear radiofre-
quency electrodes, each 30 mm in length, in parallel 5 mm apart (Figure 1).
The electrodes are actively cooled by internal irrigation with room-tempera-
ture sterilewater (20mL/min) through the head of the device. Radiofrequency
current is delivered in bipolar configuration between the 2 linear electrodes
(ASU2 generator; AtriCure).With activation of the generator, radiofrequency
energy is delivered in a power-controlled mode at 30 W for 40 seconds (im-
pedance 50 to 250U). Energy output and impedance were sampled from the
generator at 10Hzwith a personal computer and custom software. The role of
the manufacturer in this study was to provide preserved tissue specimens, the
radiofrequency generator, probe, and computer. We and the manufacturer
performed statistical analyses independently to check for validity.
Tissue Preparations
Bovine hearts were obtained from a meat processing facility, and sec-
tions of left ventricle were cut to dimensions of 40 mm in length and 30rdiovascular Surgery c Volume 139, Number 2 453
FIGURE 1. Coolrail device (AtriCure, Inc, West Chester, Ohio) and ex-
perimental apparatus. Myocardial tissue rests on 0.08-mm thick latex mem-
brane stretched between 2 supports. Blood flow is directed under length of
membrane at controlled velocity. Ablation probe handle is supported in
pivot mechanism proximally. Tissue bath rests on digital scale. By adjusting
sliding weight, contact pressure exerted by head of device is controlled.
Four optic temperature probes record interface temperatures between tissue
and ablation probe and between tissue and latex membrane. Insert,Close up
of head of bipolar radiofrequency ablation device with 2 parallel electrodes.
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Smm inwidth. The epicardial surface was preserved in each section to receive
the radiofrequency delivery. The tissue pieces were sectioned from the en-
docardial aspect to thicknesses of approximately 4, 5, 6, or 7 mm with a tis-
sue microtome, again leaving the epicardial surface intact. Bovine hearts
were used because of their high yield of sections with intact epicardial
surfaces.
In addition to the study of preserved bovine tissue, experiments were re-
peated with live porcine left ventricular myocardium. These experiments
were undertaken to identify differences from the use of preserved, nonviable
tissue. Viable porcine hearts were harvested at our institution after comple-
tion of protocols approved by our institutional animal care and use commit-
tee. These hearts were preserved in iced saline solution until manually
sectioned to dimensions described previously, preserving the epicardial sur-
face in each sample. Porcine hearts were used for the viable tissue experi-
ments because the pig was the largest animal (35–45 kg) model feasible
for viable tissue collection in large numbers.
Experimental Apparatus
The tissue sections were rested epicardial surface upward on a thin latex
membrane (0.08 mm) in a warmed (38C) tissue bath (Figure 1). The bath
was filled with heparinized bovine or porcine whole blood, such that the
level of the blood reached the underside of the latex membrane but did
not rise above the membrane to contact the tissue. This simulated a surgical
exposure of the epicardial aspect of the heart with the underlying endocar-
dial blood pool. With a roller pump, blood in the bath was circulated at con-
trolled velocity beneath the latex membrane. The tissue bath rested on
a digital scale (2-g resolution). The handle of the epicardial ablation probe
was fixed in a pivoting mount (Figure 1). The ablation electrodes were ap-
plied to the epicardial surface of the tissue. By sliding a weight sled along
the neck of the ablation probe, the exact amount of contact pressure exerted
on the tissue by the probe could be adjusted and measured from the digital
scale readout. Two fluoro-optic temperature probes (0.8 mm in diameter;
Luxtron Inc, Santa Clara, Calif) were placed between the epicardial surface
of the tissue and the radiofrequency device, and 2 temperature probes were
placed between the latex membrane and the ‘‘endocardial’’ aspect of the tis-
sue. Each of the 4 probes was located 5 mm from the end of the ablation
electrodes (Figure 1).
Histologic Examination
After lesion formation, the epicardial and endocardial lesion dimensions
were measured with digital calipers (0.01-mm resolution). The tissue was
then cross-sectioned at one end of the epicardial aspect of the lesion and
then at 5-mm intervals along the long axis of the lesion to yield 5 or 6 cross
sections per experiment, depending on lesion length. For the viable porcine
tissue experiments, the tissue was then stained with nitroblue tetrazolium
(0.05 mg/mL) to delineate viable from nonviable tissue. At each cross sec-
tion, the tissue thickness, lesion depth, and lesion width were measured with
the described digital calipers.
Protocols
For the preserved bovine myocardium, tissue sections were cut to aver-
age thicknesses of 4, 5, 6, and 7 mm. The radiofrequency probe was posi-
tioned with a contact pressure of 450 g (recommended by manufacturer).
Blood flow was directed under the tissue at either 0 or 0.4 m/s. Radiofre-
quency energy was delivered for 40 seconds at 30 W for all lesions. Tem-
peratures at the electrode–tissue and tissue–blood pool interfaces were
recorded at 2 seconds before the termination of radiofrequency delivery.
Ten experiments were performed for each approximate tissue thickness
(4, 5, 6, or 7 mm) and each blood flow velocity (0 or 0.4 m/s) for a total
of 80 experiments. Twenty experiments with the preserved bovine myocar-
diumwere performedwith doubled contact pressure of 900 g, with andwith-
out blood flow and with tissue sections cut to thicknesses of approximately
5, 6, or 7 mm to allow recognition of increased lesion depth.454 The Journal of Thoracic and Cardiovascular SurgFor the viable porcine tissue, 10 experiments each were performed for all
permutations of the following variables: tissue thickness approximately 4 or
5 mm, contact pressure of 450 g, and blood flow at 0 or 0.4 m/s, for a total of
40 experiments.
Statistics
Values are presented as mean  SD or median with interquartile range.
The t test, analysis of variance, and Mann–Whitney U test were used as ap-
propriate for comparisons among independent groups. Logistic regression
was used for factors associated with transmural lesion formation.RESULTS
Preserved Bovine Myocardium at 450-g Pressure
For the preserved bovine myocardium at 450-g pressure,
the range of tissue thicknesses measured on cross sections
of the lesions was 2.98 to 9.64 mm (average, 4.9 
1.3 mm). The average tissue thicknesses were similar for
each of the 6 cross sections (P¼.16). The endocardial lesion
length andwidthwere significantly smaller than the epicardial
dimensions (bothP<.001; Figure 2 andTable 1). For the pre-
served bovinemyocardium, lesion depthwas always transmu-
ral for tissue thicknesses 4.0 mm or less (Figure 3). At tissue
thicknesses of 4.1 to 4.5 mm, 80% of cross sections were
transmural; at thicknesses of 4.6 to 5.0 mm, 60% of lesions
were transmural; and at 5.1 to 5.5 mm, only 21% of lesions
were transmural (Figure 4). Temperatures measured at the in-
terface between ablation electrode and tissue (81.8C 
19.7C) were significantly greater than temperatures at the
blood pool–tissue interface (51.8C 10.8C, P<.001; Ta-
ble 1). The full 30-W radiofrequency power was delivered in
these and all subsequently described experiments.ery c February 2010
FIGURE 2. Epicardial and endocardial lesions from same experiment with
preserved tissue, average tissue thickness approximately 5 mm, blood flow
at 0.4 m/s, and 450-g contact pressure. Epicardial lesion length is 31.3 mm,
and width is 9.2 mm. Endocardial lesion length is 25.5 mm, and width is
8.1 mm.
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SEffects of Simulated Endocardial Blood flow
The presence of simulated endocardial blood flow did not
affect endocardial or epicardial lesion dimensions relative toTABLE 1. Parameters for preserved and viable tissues
Pressure 450 g
Epicardial length (mm) 31.3 (30.1–32.8)
Epicardial width (mm) 10.3 (9.7–11.0)
Endocardial length (mm) 14.1 (0.0–22.6)*
Endocardial width (mm) 7.7 (0.0–9.8)*
Lesion depth (mm, meanSD)y 4.6  0.5
Epicardial temperature (C, meanSD) 81.8  19.7
Endocardial temperature (C, meanSD) 51.8  10.8*
Data are median with interquartile range except as marked. Lower quartile values of 0.0 res
cardial values. yFor tissue sections with thicknesses greater than 4.0 and less than 8.7 mm
The Journal of Thoracic and Cathe absence of endocardial blood flow (all P>.05; Table 2).
Average lesion depth was not affected by simulated endocar-
dial blood flow (lesion depth 4.5  0.8 mm with flow vs
4.5  0.7 mm without flow, P¼.66), nor was the tissue
thickness always associated with transmural lesions (4.0
mm with or without blood flow). Average epicardial and en-
docardial temperatures were not affected by the presence of
blood flow (all P> .05).Preserved Tissue at 900-g Pressure
Ten experiments each were performed with and without
flow on tissues with average section thickness of 6.0  1.2
mm and contact pressure of 895  15 g. The average lesion
depth was 5.1 0.4 mm (maximal depth, 5.88 mm). The le-
sion was always transmural for tissue thicknesses less than
4.8 mm (Figure 3). Surface lesion dimensions and lesion
depth were not influenced by simulated endocardial blood
flow (all P> .05; Table 2). Compared with preserved tissue
with 450-g contact pressure in tissue sections of the same
thickness as 900-g pressure experiments (4.0–8.7 mm), the
greater pressure resulted in a greater lesion depth (5.1 
0.4 mm vs 4.5  0.5 mm, P< .001) and higher epicardial
(89.9C 19.4C vs 81.8C 19.7C, P<.001) and endo-
cardial (58.4C  11.7C vs 51.8C  10.8C, P< .001)
temperatures (Table 2). Cross-sectional lesion width was
not altered by increased contact pressure. Epicardial and en-
docardial lesion dimensions were not different from those of
preserved tissue with 450-g contact pressure (all P  .07).Viable Porcine Tissue
Twenty experiments each were performed on viable por-
cine myocardiumwith and without simulated blood flow and
with contact pressure of 450 g. The average tissue section
thickness was 5.4  1.5 mm (range, 2.0–9.4 mm). Lesion
formation was always transmural for tissue less than 4.4
mm in thickness. The average lesion depth (4.7  0.7
mm) was significantly greater than for the preserved tissue
(4.6  0.7 mm, P< .001) when analyzing tissue sections
of thicknesses common to both experimental groups (>4.0
mm and 9.4 mm). Epicardial and endocardial lesionPreserved
Pressure 900 g Viable, pressure 450 g
32.0 (29.5–33.6) 30.7 (30.1–31.6)
10.8 (10.3–11.4) 10.3 (9.3–10.8)
5.25 (0.0–19.23* 11.3 (0.0–19.5)*
2.9 (0.0–19.23)* 7.3 (0.0–9.6)*
4.7  0.5z 5.1  0.4z
89.9  19.4 80.8  18.7
58.4  11.7* 54.3  10.6*
ult from lesions that are not transmural at any point in the tissue. *P< .01 versus epi-
that are common to all 3 groups. zP< .001 versus preserved 450-g group.
rdiovascular Surgery c Volume 139, Number 2 455
FIGURE 3. A, Tissue thickness versus lesion thickness for 3 experimental groups. Points deviating from line of unity represent nontransmural lesions. Max-
imal tissue thickness without producing nontransmural lesion is indicated by dotted vertical line in each graph. B, Percentage of lesions that were transmural
on cross section by tissue section thickness at level of section. Data are for preserved tissue with 450-g contact pressure. Four hundred twenty-eight tissue
sections from 80 experiments are represented.
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Sdimensions were not different in the presence and the ab-
sence of simulated endocardial blood flow (Table 2).
Regression analysis was performed on all experiments
combined to identify variables associated with transmural le-
sion formation. Only tissue sections with thicknesses com-
mon to all 3 groups (>4.0 and 8.7 mm) were included in
the data set analyzed to control for differences in tissue sec-
tion thicknesses among groups. For a model including tissue
type (preserved or viable), blood flow velocity, contact pres-
sure, and epicardial and endocardial temperatures, only en-
docardial temperature (P ¼ .02) and contact pressure (P<
.001) were significantly associated with lesion depth (r ¼456 The Journal of Thoracic and Cardiovascular Surg0.40, P<.001). The average lesion depths for these 3 groups
in this analysis are shown in Table 1.
DISCUSSION
The major findings of this study are that for this bipolar
cooled epicardial ablation probe under controlled conditions
(1) transmural lesion thickness is always seen for tissue
thicknesses less than 4.0 mm, (2) transmural lesion depth
is increased by approximately 0.7 mm with increased con-
tact pressure, (3) simulated endocardial blood flow does
not alter lesion dimensions, and (4) endocardial lesion
dimensions are significantly smaller than epicardialery c February 2010
TABLE 2. Lesion data for preserved and viable tissues
Preserved Viable,
pressure 450 gPressure 450 g Pressure 900 g
Epicardial lesion
length (mm)
Flow 0 m/s 31.1 (30.2–32.6) 31.6 (28.5–33.7) 30.7 (30.1–31.3)
Flow 0.4 m/s 31.4 (30.1–32.9) 32.6 (30.4–33.8) 30.9 (29.0–32.6)
Endocardial lesion
length (mm)
Flow 0 m/s 16.9 (0.0–24.1) 0.0 (0.0,23.1) 16.1 (0.0–22.2)
Flow 0.4 m/s 12.9 (0.0–19.3) 11.6 (0.0–15.0) 9.2 (0.0–17.9)
Epicardial lesion
width (mm)
Flow 0 m/s 10.3 (9.7–11.0) 10.8 (9.7–11.4) 10.0 (9.3–10.6)
Flow 0.4 m/s 10.3 (9.5–11.0) 10.8 (10.5–11.4) 10.5 (9.5–10.9)
Endocardial lesion
width (mm)
Flow 0 m/s 8.0 (0.0–9.9) 0.0 (0.0–9.6) 7.8 (0.0–9.2)
Flow 0.4 m/s 7.2 (0.0–9.6) 6.25 (0.0–10.1) 6.4 (0.0–10.2)
Data are median with interquartile range. Lower quartile values of 0.0 result from that
are not transmural at any point in the tissue.
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Sdimensions under all conditions. In addition, the depth of ra-
diofrequency lesions created in preserved tissue (4.6  0.5
mm) closely approximates lesion depths created in viable
tissue (4.7  0.5 mm). The estimate of 4-mm tissue thick-
ness always producing transmural lesion formation is con-
servative, because with viable tissue the lesions were
always transmural to 4.4 mm.
The ability to create transmural atrial lesions without at-
riotomy has been a limiting factor in the development of
the minimally invasive emulation of the surgical maze pro-
cedure. Many energy sources have been adapted to epicar-
dial application, including cryothermal energy, laser,
microwave, ultrasound, and radiofrequency energy.4 Of
these, radiofrequency energy has shown the most promise
but is still in evolution. Unipolar radiofrequency energy de-
livery on the epicardium rarely produces transmural linear
lesions, even in tissue less than 2 mm in thickness.5 Devices
for bipolar radiofrequency delivery have proven more effica-
cious. Bipolar clamps appear effective for pulmonary vein
isolation, creating transmural lesions in tissue as thick as
5 mm, but are unable to produce linear atrial lesions without
atriotomy.4,6 To overcome the limitations of unipolar probes
to produce linear lesions, irrigated handheld radiofrequency
ablation probes such as that used in this study have been de-
veloped. By irrigation of the electrodes, excessive interface
temperatures with the tissue and impedance rises are
avoided.7,8 This enables greater radiofrequency current de-
livery and tissue heating. This principle is evident by the av-
erage electrode–tissue interface temperature less than 90C
shown in this study. Our study demonstrates the ability of
this irrigated bipolar ablation system to produce consistent
lesions as deep as 4.0 mm under controlled conditions.The Journal of Thoracic and CaThis value is significant, because the average left atrial
wall thickness between the upper pulmonary veins is been
reported as 2.3  0.9 mm in patients with atrial fibrillation,
and the atrial thickness between the left pulmonary veins and
appendage is 2.8  1.1 mm.9,10 Lesion depth is increased to
5.1 mm consistently with 2-fold contact pressure on the
probe. This enhanced lesion depth may result from greater
electrical coupling of the probe with the tissue or from tissue
compression caused by the greater pressure. The additional
lesion depth may be necessary for ablation of the mitral isth-
mus, because the myocardial thickness here is 3.8 0.9 mm
(range, 2.2–5.5 mm).9
Clinical Implications
This device appears capable of consistently producing
transmural myocardial lesions 4.0 mm in depth. The depth
may be increased to 5mm if sufficiently greater contact force
can be applied to the probe. On the basis of these studies,
endocardial blood flow would not be expected to influence
lesion formation greatly. The endocardial lesion length is
significantly shorter than that visible on the epicardium. It
appears necessary to apply overlapping lesions to create
long transmural lesions. Because lesion transmurality be-
comes less predictable for tissue depths more than 4 mm,
preoperative or intraoperative atrial imaging (computed to-
mography, magnetic resonance imaging, or echocardiogra-
phy) may be useful to identify potentially problematic
target areas for epicardial ablation.
Limitations
This study was performed in isolated tissue under con-
trolled conditions. Epicardial ablation in the beating heart
is more difficult than in isolated tissue.10 The generation
of sufficient contact pressure is difficult to assess in clinical
cases. Because of variable patient anatomy and the con-
straints of the surgical access, the generation of contact
forces of 450 to 900 g may not be possible for all energy
deliveries. The lesions were not assessed for electrical con-
duction block. Only acute lesion sizes were assessed. The
long-term dimensions of lesions may differ. Performance
of the device over endocardial fat tissue was not tested.
The performance of this device near the coronary arteries
(such as the mitral isthmus) is also not known.
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